The Lymantria dispar multinucleocapsid nuclear polyhedrosis virus (LdMNPV) is a double-stranded DNA virus that is pathogenic to the gypsy moth (L. dispar). The gypsy moth, an insect nonindigenous to the United States, feeds on over 300 species of trees and shrubs and is a serious defoliating pest in northeastern forests. The life cycle of LdMNPV is similar to that of other baculoviruses in that it has two morphologically distinct forms: a nonoccluded budding virus that infects cells within the same larva and an occluded form or polyhedron that enables transmission from one larva to another (for a review, see reference 4).
Baculovirus genes are temporally regulated and can be divided into four categories based on the time of expression (for a review, see reference 10). Early genes are those that precede viral DNA replication and are further divided into two groups: immediate early and delayed early. Both immediateand delayed-early genes are expressed from host RNA polymerase II and have promoters that resemble typical eucaryotic promoters (11, 18) , although delayed-early genes may require other viral proteins as enhancers of transcription. Recently, it has been suggested that there should be only one category of early genes, as Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) immediate-and delayedearly gene transcription can be efficiently initiated with noninfected Spodoptera frugiperda (Sf9) nuclear extracts (12) . The levels of transcription are increased when AcMNPV-infected Sf9 nuclear extracts are used. Therefore, the previous distinction between immediate-and delayed-early gene transcription may be due to different levels of promoter activity and transactivation by viral proteins. Late genes are transcribed by a virus-induced at-amanitin-resistant polymerase (11, 59) (614) 363-1437. where N is usually an A (15, 25, 41) . Late and very late gene expression occurs concomitant with DNA replication (21) and includes viral genes required for nucleocapsid and polyhedron formation.
Reversible phosphorylation of proteins is a common mechanism in eucaryotes for regulation of cellular processes, including gene transcription and cell division (for a review, see reference 19) . Protein kinases have been identified in vaccinia virus (24) , Sendai virus (42), Semliki Forest virus (52) , Sindbis virus (52) , and RNA tumor viruses (17) . Many of these enzymes are virally encoded, including protein kinases from herpes simplex virus (8) , cytomegalovirus (51) , and African swine fever virus (ASFV) (3) . Several host and viral proteins are phosphorylated following infection with baculoviruses (22, 30, 60) . Protein kinase activity has also been found to be associated with occluded and extracellular forms of AcMNPV (31) and with purified capsids of the Plodia interpunctella granulosis virus (57) . In P. interpunctella granulosis virus, the protein kinase is thought to phosphorylate nucleocapsid proteins, enabling the release of viral DNA from the capsids (58) . A novel protein kinase that is induced in Bombyx mori cells after infection with B. mori multinucleocapsid nuclear polyhedrosis virus has recently been identified (61) . It Cytoplasmic RNA was isolated as described by Friesen and Miller (9) . For inhibitor studies, cells were treated with cycloheximide at 100 jig/mI for 0.5 h prior to virus adsorption or aphidicolin at 5 ,ug/ml after adsorption. Inhibitors were maintained in the medium throughout the time course. RNA was separated on 1.2% agarose-formaldehyde gels and transferred to nitrocellulose. Northern blots were performed as described by Mahmoudi and Lin (28 Reaction products were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography. Determination of protein kinase activity of vPK. Kinase activity was determined by using TNT-expressed vPK without the addition of any labelled amino acid. Phosphorylation assays were conducted as described previously (3) insert approximately 880 bp in length, and X5-6 contained an insert that was approximately 750 bp (data not shown). The cDNA inserts were gel purified from both phages and used as probes on Northern blots to identify the sizes of the transcripts being expressed. Both cDNAs hybridized to the same 950-bp transcript ( Fig. 1 ). This gene was later designated vPK on the basis of homology to other protein kinases (see below). vPK is first expressed at 4 h p.i. and continues to be expressed throughout infection. The vPK cDNA clones also hybridized to larger transcripts (1.6, 2.1, and 3.3 kb) expressed at 48 and 72 h p.i., indicating that at least part of the vPK gene is present on overlapping transcripts. These types of transcripts are commonly found in other baculoviruses (26) . It has been suggested that overlapping transcripts can be used as a means of viral gene regulation (29) . Genomic mapping and sequencing of vPK. vPK was localized to the 4.1-kb PstI fragment located at approximately 9.8 to 13.9 kb (6.0 to 8. The restriction map of the 1.2-kb PstI-HindIII fragment is shown in Fig. 2A . Specific subclones of this fragment were generated in M13 vectors and then used to determine the nucleotide sequence of the fragment. The sequencing strategy used is outlined in Fig. 2B . Computer analysis of the 1.2-kb Pstl-HindIII fragment revealed several open reading frames (ORFs) that may encode proteins, with the largest ORF (867 bp) being in frame 2 ( Fig. 2C) .
Characteristics of the nucleotide sequence. The nucleotide sequence of the 1,247-bp PstI-HindIII fragment and the predicted amino acid sequence of vPK are presented in Fig. 3 
TTT ATT from a variety of organisms, including nPKC from rabbits (33), HSPKCE from humans (2), APLPKCB from Aplysia californica (32) , and dPKC98F from D. melanogaster (46) . vPK and the protein kinases shown are approximately 24% identical over the entire length of vPK (Fig. 4) . There is approximately 44% amino acid similarity between vPK and the protein kinases (nPKC, 45%; HSPKCE, 45%; APLPKCB, 43%; and dPKC98F, 43%) when conservative residue changes are taken into consideration. The vPK homology extends only over the catalytic domains of the eucaryotic protein kinases. The other protein kinases are much longer than vPK, since they also have an N-terminal regulatory domain that is absent in vPK.
Homologous subdomains found in all protein kinase catalytic domains (16) are indicated in Fig. 4 , including the consensus ATP-binding site (G-X-G-X-X-G-X-V-X14-K, where X is any amino acid) found in region I (56 (45) and Nim-1 (43) , the third glycine residue is replaced by a serine. Another protein kinase, Mikl (27) , has the first, second, and third glycine residues replaced with histidine, serine, and serine, respectively. A protein kinase that is encoded by ASFV has recently been identified. Although the ATP-binding site in the ASFV protein kinase is missing two of the conserved glycine residues (the first glycine is replaced by glutamate, and the third is replaced with asparagine), the enzyme could still phosphorylate calf thymus histone protein in vitro (3). vPK was found to contain protein kinase subdomains II through XI as defined by Hanks et al. (16) . Region II contained the invariant lysine residue (at position 46) which is essential for protein kinase activity (5 20 residues, generally begins approximately 15 residues from the highly conserved V/I/L residue in region IX and often with an aspartic acid residue. An aspartic acid is located 15 residues from the conserved valine in vPK and is followed by the sequence Q-X-E-X-L-X-X-X-X-L, which is present in several protein kinases. Typically, region XI is located approximately 20 to 52 residues from region X and contains an I/V/L/N/C residue followed by a highly conserved arginine 11 positions down. vPK contains an isoleucine and arginine at positions 241 and 252, respectively, which matches the placement of these residues in the region XI consensus sequence (Fig. 4) (33) , human (H. sapiens) (2), sea slug (Aplysia californica) (32) , and fly (D. melanogaster) (46) protein kinases (PK). Boxed amino acids show identical residues within the five protein kinases. The numbers in parentheses indicate the amino acid positions of the start and end of the catalytic domains within the protein kinases. Regions of homology that are conserved in all protein kinase catalytic domains are designated with roman numerals (16) . Region I is the ATP-binding site with the consensus sequence G-X-G-X-X-G-X-V-X,4-K. Regions III and XI are present at the underlined amino acids.
time (48 h), there are multiple transcriptional start sites (40, 42, 43, 45 , and 48 bp upstream of the vPK start codon) detected within the ATAAG late promoter sequence (Fig. 5A) .
The 3' end of the vPK transcripts was determined by sequencing the X5-6 cDNA insert in pBluescript by using M13 reverse primer (Fig. 5B) . The poly(A) tail begins at nucleotide position 1129 (Fig. 3), 13 bp downstream of the AATAAA polyadenylation sequence. The sizes of the transcripts predicted from the DNA sequence by using the early and late transcription start sites [not including the poly(A) tail] are approximately 876 bp (early) and 898 bp (late). Since poly(A) tails can be up to approximately 60 bp in length, the predicted size of the vPK transcripts is in close agreement with the 950-bp vPK transcript seen in the temporal expression experiments.
Temporal expression of vPK in the presence of DNA and protein synthesis inhibitors. Since vPK was expressed throughout the entire infective cycle of the virus, starting at 4 h p.i. throughout 72 h p.i., it was necessary to determine whether the vPK gene is an immediate-early, delayed-early, or late gene. RNA was isolated from 652Y cells infected with clonal isolate 5-6 in the presence or absence of DNA or protein synthesis inhibitors (37) . Aphidicolin inhibits host and viral DNA replication and can therefore be used to distinguish between early and late genes. Late gene expression initiates after the onset of DNA replication, which occurs at approximately 20 h p.i. in LdMNPV (40) . Cycloheximide is an inhibitor of cytoplasmic protein synthesis that can be used to determine whether a gene should be classified as a delayed-early or immediate-early gene, since delayed-early genes require other viral proteins to be expressed at high levels. The 0.95-kb vPK transcript was detected at 12 and 24 h p.i. from cells that were infected in the presence of aphidicolin, implying that initially vPK is expressed as an early gene (Fig. 6) . At later times (>48 h p.i.), there is no transcript detected in the presence of aphidicolin, indicating that vPK is now being expressed from a late promoter, which is not active when aphidicolin is present. The lack of the vPK In vitro transcription and translation of vPK. To determine whether the ORF designated vPK encoded a protein, pPH1.2 was used to express the gene by using a rabbit reticulocyte transcription and translation kit from Bethesda Research Laboratories. A band with an apparent molecular mass of 31 kDa is seen after SDS-PAGE and autoradiography (Fig. 7) . The size of the vPK protein is predicted to be 32 kDa from the nucleotide sequence. No radiolabelled band is detected from parent plasmid pT7/T3al8.
Protein kinase activity of vPK. To determine whether vPK encoded a functional protein kinase, extracts from the rabbit reticulocyte transcription and translation reactions were tested for the ability to phosphorylate substrates in an in vitro protein kinase assay (Fig. 8) . The extracts expressing vPK from plasmid pPH1.2 could specifically phosphorylate histone H2A (lanes 4 and 10), which is not phosphorylated in extracts containing control plasmid pT7/T3cx18 (lanes 1 and 7) . Extracts containing pT7/T3o18 could phosphorylate both histone H2B (lanes 1 and 7) and glycogen phosphorylase b (lanes 3 and 9) but could not phosphorylate reduced carboxamidomethylated and maleylated lysozyme (lanes 2 and 8) or the other histone proteins (lanes 1 and 7) . This phosphorylation is due to endogenous protein kinase activity within the rabbit reticulocyte lysate. This kinase activity has been observed when other proteins, such as the adenovirus EIA protein, have been expressed in similar systems (38) .
DISCUSSION
We report in this paper the cloning and characterization of the LdMNPV gene vPK, the first baculovirus-encoded protein kinase gene to be identified. LdMNPV vPK exhibits approximately 24% amino acid identity to the catalytic subunits of the protein kinase C gene nPKC of rabbits (33) (Fig.   3 ). After extension of the primer with Moloney murine leukemia virus reverse transcriptase, the extension products were fractionated by PAGE and visualized by autoradiography. The sequencing ladder was generated with the same primer. (B) Sequencing analysis of the 3' end of the vPK cDNA from X5-6. The cDNA was cloned into pBluescript after digestion with NotI-EcoRI and sequenced by using M13 reverse primer. (16) . Sequence analysis of vPK revealed the presence of all 11 regions (Fig. 4) .
Although vPK has been shown to phosphorylate histone H2A (Fig. 8) (32) (Fig. 4) . also revealed that vPK shows 40% identity to the AcMNPV logy to a large ORF9 protein (35) , which appears to be a truncated protein feasts (54) (10 ,ug) were incubated with rabbit reticulocyte extracts containing plasmid pPH1.2 expressing vPK (lanes 4 to 6 and 10 to 12) or control plasmid pT7/T3oxl8 (lanes I to 3 and 7 to 9). The reactions were carried out at 30°C for 10 or 30 min (lanes 1 to 6 and 7 to 12, respectively), and the products were analyzed by SDS-PAGE. Molecular weight (MW) standards and histones were run on the same gel and stained with Coomassie brilliant blue. The locations of the standards in kilodaltons and the locations of the histones (HI, H3, H2A, H2B, and H4) and glycogen phosphorylase b (GP) are indicated to the left. Protein substrates tested were calf thymus histones (lanes 1, 4, 7, and 10), reduced carboxamidomethylated and maleylated lysozyme (lanes 2, 5, 8, and 11), and glycogen phosphorylase b (lanes 3, 6, 9, and 12).
LdMNPV vPK. The homologous repeat regions function both as transcriptional enhancers (14) and as DNA replication origins in AcMNPV (34) .
The role of the protein kinase encoded by the vPK gene is not presently understood. Earlier studies have identified protein kinase activity associated with nonoccluded and occluded virions of AcMNPV (31) and with viral capsids of P. interpunctella granulosis virus (57) . In addition, a protein tyrosine/ serine-threonine phosphatase gene has been identified in AcMNPV (23, 47) . These results suggest a regulatory and/or functional role for vPK during viral replication. Studies are in progress to ascertain the functional role of vPK.
